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PROCESS FOR PRODUCING MONOCRYSTALLINE GROUP ll-VI OR GROUP lll-V COMPOUNDS AND 

PROOUCT3 THEREOF 



Background of the Invention 



The invention relates to a process for producing monocrystailine Group ll-VI or Group lll-V compounds 
from their polycrystalline precursors. 

5 Monocrystailine compounds formed by the combination of an element from Group li or III of the 
Periodic Table and an element from Group VI or V of the Periodic Table are critical to the electronics 
industry. Examples of such monocrystailine compounds are gallium arsenide (GaAs), gallium phosphide 
(GaP), indium phosphide (InP) and cadmium telluride (CdTe). 

Monocrystailine Group ll-VI compounds and Group lll-V compounds may be referred to as 

70 "semiconductors" ( M SC n ) with resistivities typically within the broad range of about 1e-3 ohm-cm to about 
1e11 ohm-cm. The conductivity of semiconductors can be varied by adding certain Impurities ("dopants") 
to the monocrystailine material. Depending on the Impurity or dopant added, semiconductors can be either 
n-type (excess electrons) or p-type (lack of electrons). When the Group lll-V compound Is GaAs, silicon Is 
the most commonly employed n-type dopant, however, tellurium or sulfur are also useful for such 

is applications. GaAs that is heavily doped with silicon can exhlbft an n-type resistivity approaching 1e-3ohrn- 
CfTL The m ost commonly employed p-type dopant is zinc, however, beryllium or carbon may also be used. 
For example, gallium arsenide which has been doped with carbon is mentioned in Semiconductors and 
Semlmetals, willardson. B.K. and Beer, A.C., Academic Press, inc., 1984, at pages 36 and 37. However that 
reference does not teach methods to provide carbon doping. Zinc-doped material can also have a p-type 

20 resistivity approaching 1e-3 ohm-cm. Group lll-V and ll-VI semiconductors are used primarily for optoelec- 
tronic purposes such as light emitting diodes (LED's), laser diodes, photocathodas and the like and 
electronic applications such as transistors. 

Group lll-V or il-vi monocrystailine compounds which have a resistivity greater than about 1©7 ohm-cm 
are sometimes referred to as "semi-insulating" ("SI") semiconductors. SI semiconductors are sometimes 

25 referred to as "semi-insulators". Depending on the Group lll-V or ll-VI compound, the monocrystailine form 
may be "semi-insulating " In Its "undoped" or intrinsic state (e.g., GaAs, CdTe) or in a "doped" state (e.g., 
GaAs with chromium as a dopant or InP with iron as a dopant). 

Semi-insulating GaAs can have a resistivity more than eleven orders of magnitude greater (e.g., 1e8) 
than that of doped semiconducting material. While the electrical properties of semiconducting material are 

30 controlled primarily by the dopant(s), semi-insuladng GaAs relies on the relationships among various 
electron energy levels. These relationships can be discussed most simply in the terms of a three-level 
model. The three levels are the shallow donor (or silicon) level, the shallow acceptor (or carbon) level and 
EL2 (or deep donor) level. The nam© "EL2" is associated with GaAs only and was coined by LEP 
(Laboratoire Electronique Philips). "E" indicates an electron trap, is from LEP and n 2" means that it was 

33 the second level found by LEP. In semi-insulating GaAs, EL2 dominates the charge balance, placing the 
Fermi level near the EL2 energy level. Since the EL2 energy level is deep in the band gap. SI GaAs obtains 
high resistivity. 

For gallium arsenide, EL2 is a defect associated with an As-on-Ga antlsite and is, therefore, related to 
the stoichiometry of the material. If there is a very large concentration of these defects, meaning that EL2 is 

40 high, fairly large concentrations of impurities can be tolerated without appreciable loss of resistivity. 
However, when there are relatively few defects associated with an As-on-Ga antlsite, the material is much 
more sensitive to impurity concentrations. Non-uniform Impurity concentrations may then lead to regions of 
high and low resistivity across a GaAs wafer. Moreover, the concentration of EL2 is also strongly dependent 
on the thermai history of the material, high temperature anneals followed by cooling can result in the 

as creation or destruction of EL2. A current, persistent problem is that present after-production modification 
processes (e.g.. annealing) tend to be at high temperatures which are likely to significantly reduce the EL2 
level and thus seriously reduce the effectiveness of the SI GaAs. Efforts to increase EL2 levels have had a 
negative effect on other properties of the SI GaAs. especially its structural integrity. One measure of 
structural integrity is "dislocation density". Dislocations can be revealed by etching the monocrystailine 

so material (typically with KOH for GaAs). Where a dislocation intersects the surface, an etch pit results. Thus, 
the etch pit density ("EPD") provides an indication of the dislocation density of the material. The terms 
"EPD" and "dislocation density" are frequently used interchangeably. For electronic and opto-electronic 
applications a relatively high EL2 and a relatively low EPD are desired. Prior art methods have been unable 
to achieve this combination of features, particularly when large diameter (e.g., greater than about 2,5 inches) 



2 



EP 0 417 843 A2 



wafers are needed. Although the EL2 level dominates the electrical properties of SI GaAs, the resistivity and 
thus the semi-insulating character of monocrystalline GaAs can be increased by the controlled addition of 
dopants such as carbon. Semi-insulating GaAs Is typically U3ed tor integrated circuit applications. 

Various processes are known for preparing monocrystalline semiconducting compounds and mon- 

6 ocryatalline semi-Insulating semiconducting compounds from polycrystalllne materials. 

One method for producing a monocrystalline compound is the horizontal Bridgman (HB) process. Here 
the polycrystalline compound is placed in an half-cylinder-shaped "boat" having a monocrystalline seed at 
one end. As disclosed In Japanese Patent Document 59008-690-A, the boat may be comprised of an inner 
boat and an outer boat. In that reference, the inner boat is made of pyrolytic boron nitride and the outer 

to boat is made of heat-insulating rigid material (e.g. quartz). Further, U.S. Patent 3 245 674 teaches reacting 
boron nitride with aluminum to form a solid lining of the aluminum-boron nitride reaction product In crucibles 
for use in the vacuum evaporation of aluminum. 

In the HB process, the boat containing polycrystalllne compound and monocrystalline seed is sealed 
within a quartz ampoule. Also within the ampoule, but outside the boat, 13 a separate amount of the more 

is volatile component (such as arsenic) of the polycrystalline melt. The separate volatile component is present 
to help control the stoichiometric ratios In the final monocrystaillne product. The quartz ampoule is sealed to 
prevent escape of the volatile compound. The polycrystalllne material Is heated to Its molten form. A 
temperature gradient is then passed over the melt by physically moving a furnace horizontally from the 
seed to the other end of the boat to directionally solidify the material and form a monocrystalline 

20 compound. The temperature gradients in the H8 process are quite low (about 1 to about 15 C/cm). Since 
dislocations are created by large temperature gradients, the small gradients employed in the HB process 
result in a monocrystalline product which has a low dislocation density (e.g., about 100 to 10000 cm -2 ). 
However, a problem is presented by the geometry of the HB boat. The "half-cylinder" shape of the HB boat 
produces a half-cyilndar monocrystalline ingot. Most SI and many SC products are used In the form of 

25 circular wafers. Cutting circular wafers from half cylinder ingots is an inefficient use of material and time. 
Further, for consistent electrical and structural properties In each wafer, it Is preferable to cut the wafers 
perpendicular to the growth axis. This is not practical with the "half-cylinder B shape of the HB produced 
ingot if circular wafers are desired. 

For these and other reasons, vertical growth processes for producing monocrystalline electronic 

3o materials are being Investigated. 

The liquid encapsulated Czochralski (LEC) method generally comprises dipping a rnonocry stall me seed 
into molten polycrystalline material and slowly withdrawing the seed vertically through a liquid layer of some 
encapsulant. The melt and seed are contained inside a steel chamber at high pressure to prevent the 
volatile component (either Group v or Group VI) of the polycrystalline compound from leaving the melt. The 

35 temperature gradients used in the LEC process are usually quite high, on the order of 50 C/cm. or more. 
Consequently LEC grown material has a large number of dislocations e.g.. 50000 to 1 00000 cm 2 . The 
LEC method shows particular utility in the production of semi-insulating material, but can also be used to 
produce 3 emi conducting material if the desired impurities are added to the melt. However, the LEC method 
has several drawbacks. Materials produced by the LEC method tend to have very high dislocation densities 

40 and low uniformity. Diameter control is difficult. Also, capital and labor costs are high. 

Another vertical growth process, the vertical gradient freeze method (VGF), places a polycrysta ine 
material inside a vertically-oriented crucible or boat. The bottom of the crucible contains a monocrystalline 
seed of the Group ll-VI or Group lll-V compound to be produced. Generally, the polycrystalline material In 
the crucible is melted, then the temperature of the entire molten compound is reduced while distinct 

4s temperature gradients are maintained over various segments of the crucible. U.S. Patent 4 521 272 
discloses a gradient freeze method for growing single crystal semiconductor compounds. The crucible has 
three distinct regions, each region having its own distinct temperature gradient. Single crystal semiconduc- 
tors are formed by slowly cooling the molten material while maintaining these temperature gradients. U.S. 
Patent 4 404 172 discloses various apparatuses for growing single crystal semiconductor compounds by 

5 o the VGF method. One group of apparatuses is comprised of a chamber which contains and volatizes the 
volatile component of the compound to be grown, the chamber being in communication with the growth 
crucible Other apparatuses disclosed are comprised of a crucible support means having a configuration to 
reduce radial heat flow and enhance axial heat flow. The importance of axral heat flow is discussed In 
"Crystal Growth: A Tutorial Approach" (Proceedings of the Third International Summer School on Crystal 

56 Growth. Edited by Bardsley et al., 1977, pp. 157-8 and 166-7). 

An improved Heat Exchanger Method (HEM) is disclosed in U.S. Patent 4 840 699 (Khattak et al.). 
According to U S. Patent 4 840 699. the HEM employs a cylindrical heating chamber about a sealed quartz 
crucible containing gallium arsenide, and a heat exchanger to cool the bottom of the crucible. In the HEM, 
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polycrystalline gallium arsenide is malted, then the gallium arsenide melt Is directionalry solidified by 
withdrawing heat from the center bottom of the crucible via the heat exchanger while simultaneously 
supplying heat to the crucible walls via the heating chamber. No encapsulement is placed in the crucible. 
U.S. Patent 4 840 699 reports crack-free semi-insulating gallium arsenide having and EPD of 10000 to 
5 20000 cm -2 and an EL2 concentration of (4 to 6) x 1G ,S cm" 3 . 

The vertical Bridgman (VB) method is another process for preparing monocrystalline compounds of the 
types previously described. Generally, a VB process employs a vertical furnace having at least one hot 
zone and at least one cold zone. Theme zones are designed to provide a furnace temperature profile 
comprising a relatively flat hot zone and a relatively flat cold zone separated by a transition zone having a 

10 temperature gradient of about 5-20 "c/cm. A vertically oriented crucible (usually constructed of pBN) 
adapted to contain Group ll-VI or Group Ill-V compound Is positioned within a sealed ampoule. Monocrystal- 
line growth proceeds by slowly raising the furnace while holding the crucible-and-ampoule assembly 
stationary. (It is also possible to hold the furnace stationary and move the crucible-and-ampoule assembly. 
This, however, may cause vibration problems with the crucible-and-ampoule assembly.) In operation, a VB 

15 growth process involves (1) placing a mono-crystalline seed In the bottom of the crucible (which may have 
a specially adapted "seed weir for holding the seed), (2) loading polycrystalline material in the crucible, (3) 
placing the crucible in the ampoule, sealing the ampoule and placing this assembly on a pedestal (which 
may optionally rotate) inside the vertically oriented furnace described above, (4) healing the polycrystalline 
material, and ihe top portion of the monocrystalline seed, above Its melting point and (5) moving the furnace 

20 up the length of the molten polycrystalline material to form a solid monocrystalline material. The mon- 
ocrystalline Group ll-VI or Group lll-V ingot is then removed from the crucible and "sliced" into wafers for 
various electronic and/or optoelectronic uses. 

As pointed out In the "Handbook on Semiconductor Materials, Properties and Preparation", (Series Ed. 
T. S. Moss, Vol. Ed. S. P. Keller, Vol. Ill, pp. 25&-S9, 2nd Ed., 1983), a continuing problem with 

25 monocrystalline growth processes which employ a crucible (sometimes referred to as a "boat") for holding 
the Group JI-VI or Group tll-V compound Is that the monocrystalline ingot has a tendency to adhere to the 
crucible surfaces. This raises the obvious problem of removal of the Ingot from the crucible. Additionally, 
the sites where the ingot adhered to the crucible surfaces tend to produce undesirable structural and 
electronic aberrations in the ingot 

30 "Crystal Growth: A Tutorial Approach" (cited above) at page 105 discloses the use of "soft-moulds" 

(especially bismuth oxide) to solve the problem of crystal adhesion. "Liquid Encapsulated, Vertical 
Bridgman Growth of Large Diameter. Low Dislocation Density, Semi-Insulating GaAs" (Journal of Crystal 
Growth, Hoshikawa et al., Vol. 94 (1969)) suggests the use of boric oxide, B 2 0 3l to suppress decomposition 
and evaporation of arsenic from molten and crystalline GaAs during vertical Bridgman processes. However, 

35 such processes are not entirely successful In that (1) it may still be difficult to remove the ingot from the 
boat, (2) the oxide has a tendency to contaminate the melt and/or (3) the oxide may stress or fracture the 
resulting solid ingot due to differences in the coefficient of thermal expansion. 

We have round a method to overcome the above-described adherence problem In monocrystalline 
growth processes employing a crucible. The method is achieved without adversely affecting the electrical or 
structural properties of the resulting monocrystalline ingot. Additionally, wq have found that the process of 
the current invention can be used to produce an improved semi-insulating material, particularly GaAs. 

As discussed earlier, the resistivity, and thus the semi-insulating character, of monocrystalline GaAs can 
be increased by the controlled addition of dopants, such as carbon. In the LEC method of producing 
monocrystalline GaAs the exposure of the GaAs melt to graphite parts of the furnace* virtually assures the 

is presence of the carbon in the monocrystalline GaAs. The amount of carbon incorporated into the LEC- 
produced GaAs may be controlled by varying the water content of the B 2 O a encapsulant typically used in 
the LEC process. 

However, the monocrystalline compounds produced by various Bridgman processes are frequently 
grown in sealed ampoules and an? thus Isolated from graphite sources. Further, controlled carbon doping is 
so a potential problem for all methods of producing monocrystalline compounds. "Consequently, the current 
invention also comprises a method for controlled carbon doping of monocrystalline Group ll-VI or Group III- 
V compounds. 



55 Summary of the Invention 



The current invention is a process for producing monocrystalline Group ll-VI or Group Ill-V compound 
from the polycrystalline form of said Group ll-VI or Group Ill-V compound, said process comprising: 
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(a) coating the interior surfaces of a crucible with a powdered solid, said powdered solid having a melting 
point higher than the melting point of said polycrystalline form of said compound, 

(b) placing an amount of said compound In its polycrystalline form into said coated crucible, 

(c) placing said coated crucible containing said compound Into a heating means. 

(d) heating said coated crucible containing said compound to produce a melt of said compound within 
said crucible while maintaining said powdered solid in solid powdered form, and 

(e) cooling said crucible and said compound to produce a monocrystalline compound. 
The preferred powdered solid is boron nitride. 

The invention is also directed to a semi-insulating semiconducting material comprised of a monocrystal- 
line gallium arsenide having a neutral EL2 concentration between about 0,85 x 10 ,6 cm~ 3 and about 2,0 x 
10 16 cm" 3 and a dislocation density (or EPD) between about 500 cm -2 and about 7800 cm' 2 The neutral 
EL2 concentration may also be between about 0,85 x 10 16 cm" 0 and about 1,5 x 1Q 16 cm" 3 or about 0,85 x 
1Q 15 cm -3 and about 1,2 x lO lS cm -3 . 

Further, the invention comprises a process for producing carbon-doped monocrystalline Group ll-VI or 
Group llt-V compound from the polycrystalline form of said Group ll-VI or Group lll-V compound, said 
process comprising: 

(a) placing a monocrystalline seed into a crucible, 

(b) placing an amount of polycrystalline compound into the crucible, said polycrystalline compound 
selected from the group consisting of Group ll-VI compounds and Group lll-V compounds, 

(c) placing said crucible containing polycrystalline compound into a quartz ampoule, 

(d) placing a carbon source Inside said arn0oule yet outside said crucible, said carbon source being in 
fluid communication with said polycrystalline compound, 

(e) sealing said ampoule, 

(f) placing said sealed ampoule into a furnace, 

(g) Increasing the temperature of said furnace to produce a melt of said polycrystalline compound, and 

(h) decreasing the temperature of said furnace to cool said melt and produce a carbon-doped 
monocrystailine compound. 

Brief Description of the Drawings 

FIG. 1 is a schematic illustration of a portion of a vertical Brtdgman apparatus useful in the practice of 
the current Invention. 

PIG. 2 is a detailed schematic illustration of a crucible useful in the practice of the current invention. 



Detailed Description of the Invention 

The present invention will be described mainly In terms of the production of rnonocrysiaiJIne gallium 
arsenide (GaAs) by a vertical Bridgman process. However, it is understood that such description is merely 
exemplary and the inventive concepts are applicable to the production of other Group lll-V compounds or 
Group ll-VI compounds by various processes which employ a crucible for containing the Group lll-V or 
Group ll-VI compound. 

An apparatus useful for practicing the current invention is now described with reference to FIG. 1 . The 
apparatus comprises ampoule 10 supported by support means 13. Support means 13 is mounted on 
pedestal shaft 11. In the preferred embodiment support means 13 is capable of rotating about its vertical 
axis. Positioned inside ampoule 10 is crucible 12. During operation, crucible 12 will contain seed crystal 14 
in seed well 15. Crucible 12 will further contain Group ll-VI or Group lll-V compound 16. Ampoule 10 is 
positioned In furnace 17, said furnace 17 having a heating means comprised of upper heating component 
18 and optionally lower heating component 19. Said heating means is mounted radially about at least a 
portion of said crucible 12 and is movable parallel to the vertical axis of said crucible 12. Preferably upper 
heating component 18 is comprised of two heating elements capable of Individual temperature control and 
lower heating component 19 Is comprised of two heating elements capable of individual temperature 
control. In the most preferred embodiment, a baffle 20 is located in furnace 17 between upper heating 
component 1B and lower heating component 19. 

FIG. 2 is a detailed representation of a preferred embodiment of crucible 12. Crucible 12 is preferably 
constructed of pyrolitic boron nitride. With reference to FIG. 2, the lowest portion of crucible 12 is seed well 
15 adapted for holding a seed crystal 14. Seed well 15 is an elongated member, preferably a small 
diameter cylinder having vertical walls. Moving up crucible 12. the next component is the cone-shaped 
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transition region 21. Transition region 21 allows the growing crystal to smoothly expand from the diameter 
of the seed to the final diameter of the mono-crystalline ingot from which semiconductor or semi-insulator 
wafers are cut. The angle of transition region 21 is about 45' . However, larger or smaller angles may also 
be employed. 

s Located above transition region 21 is primary growth chamber 22 which is also part of crucible 12. Most 

preferably, primary growth chamber 22 is cylindrical and has a diameter slightly greater than the diameter 
of the wafers to be cut from the monocrystalline semiconductor or semi-insulator ingot. The portion of the 
single crystal which solidifies in primary growth chamber 22 provides the useful material of the process, so 
it is desirable that primary growth region 22 have a substantial vertical length. In Fig. 2 the shaded parts 25 

70 and 26 show the GaAs melt and solid crystalline GaAs, respectively. In a preferred embodiment of the 
current invention, crucible 12 is closed at its upper end with a cap means 23. Tn another preferred 
embodiment, opening 24 is provided in cap means 23 to allow fluid communication between the Group II- VI 
or Group lll-V material Inside crucible 12 and a source of carbon located outside crucible 12. In this context, 
"fluid communication" means a free flow of vapor and heat between the Inside and outside of the crucible 

75 to enable transport of carbon into the crucible and to the melt. In a preferred embodiment, a disk of carbon 
27 is placed over opening 24 on top of cap means 23. We have found that by placing about 0,7 cm 3 to 
about 2,3 cm 3 carbon outside crucible 12 and having an opening 24 of about 10 mm to about 30 mm 
diameter in cap 23, uniformly carbon-doped gallium arsenide ingots of about 50 mm to about 76 mm 
diameter and about 75 mm to about 150 mm long having a carbon level of about 0,5 x 10 15 cm - * 3 to about 

20 3,0 x 10 lS cm -3 can be produced. However, ingots of other sizes and other doping levels may be produced 
by this technique by varying opening 24 and/or the amount of carbon placed outside crucible 12. For 
example, a gallium arsenide Ingot of about 100 mm diameter; and produced by the technique within the 
scope of this invention, may require a larger opening 24 and/or more carbon than that within the ranges 
disclosed above. 

26 In the process of the current invention, a powdered solid having a melting point higher than the melting 
point of the poIycrystaJllne Group Il-VI or Group Ml-V compound Is applied to the interior surfaces of crucible 
12. This may be accomplished by any reasonable means suitable to accomplish application of a powder to 
surfaces. For example, the powder may be dusted in dry form onto the Interior surfaces of the crucible. In 
another embodiment a slurry of a carrier fiuid and the powdered solid is prepared. The slurry Is applied to 

30 the interior surfaces of the crucible and the liquid carrier is evaporated, leaving a deposit of powdered solid. 
Suitable liquid carriers may be, but are not limited to mixtures of water and alcohol. The preferred alcohol is 
methanol. Boron nitride is the preferred powdered solid when the Group lll-V compound is gallium arsanide. 

Aftar coating crucible 12 with powdered solid, mono-crystalline seed 14 is placed In seed well 15 and 
polycrystalltne material is placed in the remainder of crucible 12 (transition region 21 and primary growth 

35 region 22). Cap means 23 is placed on top of crucible 12, crucible 12 is placed Into ampoule 10 (preferably 
constructed of quartz) which is then sealed by quartz plug 28 in a way which minimizes the free volume in 
the ampoule. The volatile Group V or Group VI component in an amount sufficient to fill the free volume 
may be added prior to sealing the ampoule. The sealed crucible-ampoule assembly Is then placed on 
support means 13 in furnace 17. Furnace 17 Is lowered and heating components 18 and 19 are employed 

40 so that all the polycrystalllne material and as much as the top half of the monocrystalline seed are reduced 
to a melt. To grow a monocrystalline compound, furnace 17 is adjusted so that the temperature of upper 
heating component 18 is above the melting temperature of the Group lll-V or Group ll-Vl compound and 
lower heating component 19 is below the melting point and there is a sharp temperature gradient of about 
5-20° C/cm. across the transition zone between the upper hot zone and the lower cool zone. After adjusting 

w5 fumace 17 to produce the above described temperature profile, furnace 17 is slowly moved up {about 1-8 
mm/hr) parallel to the vertical axis of crucible 12 to produce a solid monocrystalline ingot. The ingot may be 
removed from the crucible and subjected to further processing, e.g. anneaiing, etc., then sliced into wafers 
for use, particularly in the electronics industry. 

50 

EXAMPLE 1 

Semi-insulating gallium arsenide wafers were produced by the process of the current invention. A 
refined version of the apparatus illustrated in FIGS. 1 and 2 and described above was employed. Powdered 
55 boron nitride and a pyrolytic boron nitride crucible were individually heated, in the presence of flowing 
nitrogen, to 1 100 ' C and held at that temperature for 2 hours, then cooled to room temperature. The interior 
of the crucible was dusted with the powdered boron nitride. A mono-crystalline saed crystal of gallium 
arsenida was placed into the crucible seed well and polycrystalline gallium arsenide was loaded Into a 
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crucible having a 78 mm diameter x 200 mm length growth region. A 3mal) amount of arsenic in excess of 
that stoichiometrlaily required to combine with gallium was added to compensate for volatilization of arsenic 
during heating. There was no source of arsenic external to the crucible. The loaded crucible was placed in a 
sealed quartz ampoule and the ampoule-crucible assembly was placed on a rotating pedestal (rotation 

5 speed: 2 RPM). The hot zone (upper heating component) of the baffled furnace was set at 1243* C and the 
polycrystalline gallium arsenide and the upper half of the seed crystal were melted. The hot zone 
temperature was reduced at a rate of about 1 " Cmour until the temperature reached 1240 C (2 degrees 
above the 123S*C melting point of gallium arsenide). The cold zone temperature was set to 1217 C, 
producing a temperature gradient across the transition zone of 5"C/cm. At this point, the furnace-lifting 

w drive was started and monocrystalline growth began. Slower drive rate3 generally produce higher quality 
material, but the longer time required for growth Increases costs. Here, the furnace was raised at about 4 
mm/hour. When the entire ingot had been solidified, the temperature in both zones was reduced to 900 C 
at a rate of 50 " C/hour. This rate Is used to avoid thermal stress. The ingot (3 held at 900 ' C for 16 hours 
then the temperature Is slowly lowered to room temperature. The Ingot Is easily removed from the crucible. 

rs In the Industry, a GaAs Ingot Is graded by the qualities of wafers cut from the last-to-freeze or "tail" 

portion of the ingot The dislocation density (or EPD) of a wafer cut from the tail of the above-produced 
GaAs ingot was determined by the standard method of etching the wafers in molten KQH at 450* C for 40 
minutes. The etch pits were then counted at 41 sites across the wafer. The median EPD and the range of 
EPD are reported in Table 1. For comparison, tall-portion data for wafers produced by others by the VGF 

20 and LEC methods are also reported at Table 1 . 

The EL2 of tall-portion wafers of the above-produced ingot was measured by infrared absorption. The 
results are also reported at Table 1 with comparison VGF and LEC data generated by others. 

Table 1 

25 



Electrical and Etch Pit Density (Dislocation Density) Data for GaAs 




EPD (cm^) 


EL2 (x 10 l6 cm~ 3 ) 


Median 


Flange 


Median 


Range 


VB (Ex. 1) 
VGF (Camp.) 1 
LEC (Comp.) 2 ' 3 ' 4 
HEM (Comp.) s 


2700 
3200 
70000 


500 to 7800 
800 to 1 8000 
50000 to 100000 
1 0000 to 20000 


0,95 
0.56 
1,4 


0,85 to 1,1 
0,4 to 0,66 
0,6 to 1,8 
4.0 to 6,0 



1. D.C. Look et al., "Uniformity of 3-in., Semi-Insulating Vertical-Gradient-Freeze GaAs 
Wafers", J. Appl. Phya. 66(2). IS July 1989. 

2. Litton Airtron GaAs Specification Sheet, 1985. 

3. Showa Denko K.K. GaAs Substrate Specification, 22 Aug. 1989. 

4-. S. K. Brlerley et al., "Correlation between Implant activation and EL2 in 
semi-insulating GaAs", 5th Conf. on Semi-insulating lll-V Materials, Malmo. Sweden, 
1988. 

5. U.S. Patent 4 840 699. column 3, lines 49-64. 



45 

EXAMPLE 2 

so The resistivity, and thus the seml-insulating character, of monocrystalline GaAs can be increased by the 
controlled addition of dopants such as carbon. 

In previously known methods for producing monocrystalline GaAs, such as LEC, the exposure of the 
GaAs melt to graphite parts of the furnace virtually insured the presence of carbon in the monocrystalline 
GaAs. The amount of carbon incorporated into LEC-produced GaAs may i5e controlled by varying the water 
56 content of the 82 O3 encapsulant used in the process. 

The monocrystalline compounds produced by the process of this invention may be grown in sealed 
quartz ampoules and thus are not exposed to graphite furnace parts. If carbon is desired in the 
monocrystalline compound, it must be added. Our new process for controllably adding carbon to a Group II- 
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and 1 0 were semi-insulating at the ingot tail. 



EXAMPLE 3 



Th„ first a aallium arsenide ingots (A-H) listed on Table II were consecutively produced using a 
" conned !TJonZl precis of ttw lent invention. Specifically, the method described In Example 2 
was used with the fallowing modifications: 

(1) a 52 mm diameter growth region, 

(2) a 56 mm diameter by 1 mm cap, 
20 (3) a 30 mm diameter cap opening, 

(A) a 3S mm diameter by 2,5 mm thick carbon disk and 

5 se oTgallium oxid 9 (0.1 gmAOOO gm (BaAs, in the polycrystallina GaAa as a 

The last 10 qallium arsenide ingots (l-R) listed on Table II were made by a process outside the current 
■nvelh To pro^ct Ingot* l-R, Z method used to produce ^gots A-H was emp.oyed wth the foiling 

" "tl )' graph., powder (carbon) was added directly into the crucible with the polycrystallin^a QaAs^ and 

2 there was no opening in the cap, obviating any need for a carbon source external to the cruabto. _ 
1 demonstrated by the data reported in Table II. the process ot the instant mvemon proves 
surpMsingty superior uniformity of carbon doping both within each gallium arsenide Ingot and from mgot to 

3o ingot. 



36 



40 



46 



so 



55 
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Table II 



Carbon Concentration of Gallium 




Arsenide Ingots 


Ingot 


Front (x 






l0 15 cm~ a ) 




A 


2,2 


1.5 


B 


2.4 


2,2 


C 


1,7 




D 


2.1 


1.5 


E 


2.8 


1.0 


F 


2,0 


1,7 


G 


2,0 


1,3 


H 


2,2 


1.2 


I 


0,5 


< o.r 


J 


1 ,0 


< 0 1 


K 


0,1 


< 0,1 


L 


4.0 


0,6 


M 


0,9 


0.5 


N 


1.1 


< 0,1 


0 


1,2 


0.2 


P 


1.2 


0,5 


Q 


0,7 


< 0,1 


R 


OA 


< 0,1 



"The detection limit is 0.1 x 10 lS cm~* 3 . 



Claims 



1. A process for producing noncrystalline Group II-VI or Group lll-V compound from the polycrystalline 
form of said Group II-VI or Group lll-V compound, said process comprising: 

(a, coating the interior surface of a crucible with a powdered solid, said powdered solid having a melting 
point higher than the melting point of said polycrystalline form of said compound. 

(b) placing an amount of Group II-VI or Group lll-V polycrystalline compound into said coated crucible, 

(c) placing said coated crucible containing said compound into a heating means, 

(d) heating said coated crucible containing said compound to produce a melt of said compound within 
said crucible while maintaining said powdered solid in sotid powdered form, and 

(e) cooling said crucible and said compound to produce a monocrystailine compound. 

2. The process of claim 1 wherein said powdered solid is boron nitride. 

3. The process of claim 1 wherein said coating step (a) further comprises 

(1) forming a 3lurry of said powdered solid and a liquid, 

(2) applying said slurry to the interior surfaces of said crucible, and 

(3) allowing said liquid to evaporate and thereby leave a deposit of powdered solid on the interior 
surfaces of said crucible. 

4. The process of claim 1 wherein said Group II-VI or Group lll-V compound is gallium arsenide. 

5. A monocrystailine Group M-v| or Group Itl-V compound produced by the process of claim 1. 

6 Gallium arsenide produced by the process of claim 1 . 

7 A semi-Insulating material comprised of a monocrystailine gallium arsenide having an EL2 concentration 
between about 0,85 x ia lG crrr 3 and about 2.0 x lO^cm" 3 and a dislocation density between about 500 
cm' 2 and about 7800 cm" 2 . 

8. A method for producing in a vertically-oriented crucible a monocrystailine Group ll-Vl or Group lll-V 
material from the polycrystalline precursor of said monocrystailine material, said method comprised of: 

(a) coating the interior surfaces of said crucible with a powdered solid having a melting point higher than 

the melting point of said polycrystalline precursor, 
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(b) placing a monocrystalline seed in the bottom of said crucible, 

fc) loading the remainder of said crucible with said polycrystalline precursor. 

(d) placing said crucible in a vertically-oriented furnace, 3aid furnace capable of producing an upper hot 
zone and a lower cool 2one; 

fe) adjusting said furnace position and said upper hot zone temperature to enable heating of said 
polycrystalline material to form a melt while about the lower half of said monocrystalline seed remains in 
solid form; 

(f) setting the temperature in said lower cool zone below the melting point of said monocrystalline 
material while maintaining the temperature in the upper hot zone above said melting point to establish a 
solid-liquid interface, and 

(g) moving said furnace and said solid-liquid interface upward while substantially maintaining the 
temperature settings of step (f) to produce a solid monocrystalline material as said furnace and said 
solid-liquid interface move vertically upward. 

9. The method of claim 8 wherein said monocrystalline Group II-VI or Group lll-V material is gallium 
arsenide. 

10. The method of claim 8 wherein said powdered solid is powdered boron nitride. 

11. The method of claim 8 further comprising placing, prior to step (e). a carbon source inside said furnace 
yet outside said crucible, said carbon source being in fluid communication with said polycrystalline 
precursor. 

12. A monocrystalline material produced by the method of claim 11. 

13. A process for producing carbon-doped monocrystalline Group ll-VI or Group lll-V compound from the 
polycrystalline form of said Group ll-VI or Group lll-V compound, said process comprising: 

(a) placing an amount of polycrystalline compound into a crucible, said polycrystalline compound 
selected from the group consisting of Group II-VI compounds and Group lll-V compounds. 

(b) placing said crucible containing polycrystalline compound into a furnace, 

(c) placing a carbon source inside said furnace and outside said crucible, said carbon source being in 
fluid communication with said polycrystalline compound, 

(d) supplying heat from aaid furnace ro said crucible and said polycrystalline compound to produce a 
melt of said compound within said crucible, and 

(e) reducing the temperaturs of said furnace to cool said crucible to produce a carbon-doped mon- 
ocrystalline compound, 

14. The method of claim 13 further comprising, prior to step (a), coating the interior surfaces ofthe crucible 
with a powdered solid having a melting point higher than the melting point of said Group ll-VI or Group lll-V 
compound. 

15. The method of claim 14 wherein said powdered solid is powdered boron nitride. 

16. The process of claim 13 wherein said Group ll-Vl or Group lll-V compound is gallium arsenide. 

17. A carbon-doped monocrystallina compound produced by the process of claim 13. 

18. A process for producing carbon-doped monocrystalline Group Jl-Vl or Group lll-V compound from the 
polycrystalline form of said Group ll-VI or Group lll-V compound, said process comprising: 

fa) placing a monocrystalline seed into a crucible, 

(b) placing an amount of polycrystalline compound Into the crucible, said polycrystalline compound 
selected from the group consisting of Group II-VI compounds and Group lll-V compounds. 

(c) placing said crucible containing polycrystalline compound into a quartz ampoule, 

(d) placing a carbon source inside said ampoule yet outside said crucible, said carbon source being In 
fluid communication with said polycrystalline compound, 

(ej sealing said ampoule, 

(f) placing said sealed ampoule into a furnace, 

(g) increasing the temperature of 3aid furnace to produce a melt of said polycrystalline compound, and 

(h) decreasing the temperature of said furnace to cool said melt and produce a carbon-doped 
monocrystalline compound. 

19. The process of claim 18 further comprising, prior to srep (a), coating the Interior surfaces of the crucible 
with a powdered solid having a melting point higher than the melting point of said Group tl-Vl or Group lll-V 
compound. 

20. The process of claim 19 wherein said powdered solid is powdered boron nitride. 

21. The process of claim 20 wherein said Group II-VI or Group lll-V compound Is gallium arsenide 

22. A carbon-doped monocrystalline Group ll-VI or Group lll-V compound produced by the process of claim 

23. A semi-insuiating material comprised of a monocrystalline gallium arsenide having an EL2 concentration 
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between about 0.85 x 10 ie cm 3 and 1.5 x ia 16 crrT 3 and a dislocation density between about 500 cm- 2 and 
7800 cm" 2 . 

24. A semi-fnsuiating material comprised of a monocrystalllne gallium arsenide having an EL2 concentration 
between about 0,85 x 10 ie cnrT 3 and 1,2 x 10 l6 cm~ 3 and a dislocation density between about 500 cm -2 and 
7800 cm - 2 . 
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© This disclosure relates to a process for produc- 
ing monocrystalline Group U-VI or Group lll-V com- 
pounds from the polycrystalline form of said Group 
ll-VI or Group lll-V compound, said process compris- 
ing coating the interior surface of a crucible with a 
powdered solid having a melting point higher than 
the polycrystalline form of the compound, placing an 
amount of polycrystalline compound into the coated 
crucible, heating the crucible to produce a melt while 
maintaining the powder in solid form and cooling the 
crucible to produce a solid compound. The preferred 
powdered solid is pyrolitic boron nitride. The pro- 
cess may be used to produce, inter alia, semi- 
insulating gallium arsenide having an EL2 concentra- 
tion between about 0,85 x 10 l6 cm -3 and about 2,0 x 
10 l6 cm~ 3 and a dislocation density between about 
500 cm" 2 and about 7800 cm' 2 . 
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1- Claims 1-6,8-12: Process for producing II-vi or 
III-v single crystals characterised by use of 
crucible coated on inside with powdered material 
(BN) - 

2, Claims 13-22: Process for producing carbons- 
doped II-VI or Iir-V crystals. 

3. Claims 7 , 23, 24; Single crystal gallium arsenides 
characterised by physical properties. 



